Acinetobacter baumannii is a ubiquitous multidrug-resistant bacteria that is found on a variety of surfaces, including skin, hair and soil. During the past decade, A. baumannii has emerged as a significant cause of nosocomial infections in the United States. Recent studies have highlighted the ability of some bacteria to utilize a wide variety of fatty acids as a membrane remodelling strategy. Considering this, we hypothesized that fatty acids may have an effect on the emerging pathogen A. baumannii. Thin-layer chromatography indicated structural alterations to major phospholipids. Liquid chromatography/ mass spectrometry confirmed the assimilation of numerous exogenous polyunsaturated fatty acids (PUFAs) into the phospholipid species of A. baumannii. The incorporation of fatty acids affected several bacterial phenotypes, including membrane permeability, biofilm formation, surface motility and antimicrobial peptide resistance.
INTRODUCTION
One of the most prevalent challenges in the realm of healthcare has arisen in the form of multidrug-resistant bacteria. Examples of flourishing bacteria include Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae and Acinetobacter baumannii. These are four of the six 'ESKAPE bugs' that were classified by the Infectious Diseases Society of America in 2008. ESKAPE pathogens represent a major public health concern due to their nosocomial acquisition and therapeutic refraction [1] . A. baumannii, also referred to as 'Iraqibacter', has pervaded healthcare facilities since the return of wounded soldiers from the Iraq war. A. baumannii infections are difficult to treat and mainly affect individuals who are on ventilation or have previous wounds [2] . The presence of multi-drug resistance and co-pathogens complicates treatment, and a substantial number of A. baumannii infections lead to mortality [3] .
The versatility of A. baumannii is evident in its abilities to metabolize a plethora of carbon sources and its tolerance of broad temperature and pH ranges [4] . An emerging example of bacterial resourcefulness concerns the demonstrated expansion of exogenous fatty acid utilization, as documented in Vibrio and Pseudomonas species [5] [6] [7] . As first described in E. coli, the mechanism of the uptake of fatty acids by Gram-negative bacteria begins with FadL, an outer-membrane transporter [8] . Imported fatty acids are activated at the cytosolic face of the inner membrane, yielding acyl-coenzyme A. Instead of utilizing the fatty acid as a carbon source through B-oxidation, some bacteria directly assimilate acquired fatty acids into their membranes [6] . The ramifications of exogenous fatty acid exposure are unknown, but have been demonstrated to affect several phenotypes, including motility, biofilm formation and antimicrobial peptide resistance [9] [10] [11] [12] . The aim of this study is to explore fatty acid assimilation in A. baumannii and to examine potential survival and resistive advantages gained by lipid membrane remodelling.
The exogenous fatty acid response of A. baumannii has not been studied previously. To assess the incorporation of exogenous fatty acids, extracted bacterial phospholipids were analysed by thin-layer chromatography (TLC) and ultra-performance liquid chromatography tandem massspectrometry (UPLC/MS). Each fatty acid was found to alter the phospholipid profile in a manner that was predictive of assimilation into membrane phospholipids. Each fatty acid supported growth when administered as a sole carbon source, and numerous characteristics, such as membrane permeability and motility, were affected. Furthermore, the presence of fatty acids altered biofilm formation and resistance to the antimicrobial peptides polymyxin B and colistin.
METHODS
Bacterial strains and growth conditions Acinetobacter baumannii ATCC17978 was used in this study. G56 minimal media [0.4 % glucose, 0.4 % casamino acids (Fisher BioReagents), supplemented with 150 mM NaCl] was used for the growth of bacteria in each experiment, except for sole carbon source experiments, which were performed in M9 minimal media. The fatty acids used in this study were purchased from Cayman Chemicals and administered at a concentration of 300 µM for each experiment.
Bacterial lipid extraction and thin-layer chromatography Lipids were extracted from 14 ml of bacterial culture by the method of Bligh and Dyer [13] and spotted onto silica gel 60 TLC plates. Lipids were separated using a solvent system consisting of chloroform, methanol and acetic acid (65 : 25 : 10 v/v/v). Once dry, the plates were sprayed with a solution of 10 % sulfuric acid in 100 % ethanol and exposed to 150
C for approximately 1 min. The plates were scanned using a Canon CanoScan 9000F.
Ultra performance liquid chromatography/ESI mass spectrometry Lipids were extracted from 20 ml of bacterial culture grown in G56 minimal media in the presence or absence of 300 µM of each polyunsaturated fatty acid (PUFA). Prior to analysis, dried lipid extracts were massed and then brought up in sufficient diluent to produce a 300 p.p.m. (total lipid) sample. The diluent consisted of a 50 : 50 mixture of solvents A and B, where A=30 : 70 25 mM pH 6.7 ammonium acetate:methanol and B=methanol. All of the reagents were Optima grade (Fisher Scientific) and 18.2 MWÁcm water was produced from a Direct-Q 3 Milli-Q system (Millipore, Bedford, MA, USA). The samples were prepared in liquid chromatography/mass spectrometry (LC/MS)-certified glass autosampler vials and 5 µl was injected for analysis. Chromatographic separation was achieved using gradient elution on an ACQUITY UPLC system (Waters, Milford, MA, USA) equipped with a BEH C8 column (2.1Â100 mm; 1.7 µm particles). Detection was by quadrupole mass spectrometry following electrospray ionization in the negative mode.
Crystal violet uptake assay A. baumannii was grown in 7 ml of G56 minimal media in the presence and absence of 300 µM each PUFA to the logarithmic phase (all of the cultures were captured at an OD 600 of 0.75-0.85). The cultures were gently pelleted (1900 g, 10 min), washed with phosphate-buffered saline (PBS) and resuspended in 5 ml PBS at an OD of 0.6. Crystal violet (5 µg ml
À1
) was added to the cells and the cultures were gently agitated (50 r.p.m.). Every 5 min, 1 ml was removed and pelleted, and the supernatant was assessed spectrophotometrically at 590 nm. The inclusion of a control (containing CV but no bacteria) allowed normalization of the data. The amount of CV measured (representing dye not taken up) was converted to percentage of uptake using Excel. Three biological replicates were performed and all standard deviations were calculated to be less than 5 % (not graphed for visual clarity).
Antimicrobial peptide susceptibility assay A. baumannii was grown to the exponential phase of growth in G56 minimal media in the presence and absence of individual fatty acids (300 µM). The cultures were centrifuged, washed with G56 and resuspended at an OD 600 of 0.13. Bacterial inoculum (170 µl) was supplemented with 300 µM of each fatty acid and added to twofold concentrations of each antimicrobial peptide (30 µl) for a total of 200 µl per well (bacterial starting OD 600 =0.1). The plates were incubated for 24 h at 37 C and the absorbance was read at 600 nm using a Biotek Synergy microplate reader. Two independent experiments were performed in triplicate and P-values were determined using Student's t-test (two-tailed, paired).
Biofilm assay
Biofilm formation was assessed using the protocol described by O'Toole [14] . Briefly, A. baumannii was grown overnight in Luria broth and the cultures were prepared in 96-well microtitre plates containing G56 or M9 minimal media supplemented with or without each fatty acid. Following incubation for 24 h at 37 C, planktonic cells were removed and the plates were gently washed three times with dH 2 O. We added 125 µl of a 3 % crystal violet solution to each well and incubated the plates at room temperature for 15 min. The plates were washed three times with dH 2 O and allowed to dry for at least 3 h. We added 125 µl of 30 % acetic acid and allowed15 min of incubation. The solubilized crystal violet was transferred to a fresh microtitre plate and the absorbance was read at 550 nm using a Biotek Synergy microplate reader. Two independent experiments were performed in octuplet and P-values were determined using Student's t-test (two-tailed, paired).
Motility assay
The surface motility of A. baumannii was evaluated using a previously published protocol [15] . The motility plates were prepared with 10 g l -1 tryptone, 10 g l -1 NaCl, 5 g l -1 yeast extract and 0.5 % noble agar, and supplemented with 300 µM of the indicated fatty acids. Briefly, an overnight culture in LB broth was adjusted to OD 600 in LB broth, and 2 µl of the culture was pipetted onto the surface of the motility assay plates and incubated for 24 h at 30 C. Two independent experiments were performed in quadruplicate and P-values were determined using Student's t-test (two-tailed, paired). Table 1 was generated by consulting two databases: the National Center of Biotechnology Information's Basic Local Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih. gov/Blast.cgi) and the Department of Energy's Integrated Microbial Genomes (IMG) 'Find Genes' tool, using the gene product names as queries. Briefly, the protein sequences of E. coli MG1655 FadL (b2344), FadD (b1805), phospholipid acyltransferases (b4041, b3018, b1090 and b3059) constituted the input for homologue searches in the representative sequenced Vibrio species. The Expect threshold was set to 1e-10. Homologues identified by BLAST with a Max score greater than 100 are underlined. All locus tags were identified using IMG.
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RESULTS
Growth characteristics of A. baumannii in the presence of exogenous PUFAs A. baumannii is responsible for a variety of external and internal human infections, causing bacteraemia, pneumonia, meningitis, and urinary tract and wound infections. These sites of infection represent a plethora of host environments, each providing a blend of potential nutrients. One such example is fatty acids, which can be encountered in their free form or become liberated by bacteria or host from larger lipid molecules. The presence of fatty acids has been documented in many tissues that represent infection sites for A. baumannii [16] [17] [18] . As such, a physiologically relevant concentration of fatty acid (300 µM) was chosen for all experiments. Bacterial growth in minimal media supplemented with individual fatty acids was measured at two different temperatures, representing internal and external host sites. In general, fatty acid supplementation increased bacterial growth at both temperatures, particularly beyond 8 h (Fig. 1a, b) . At 37 C, dihomo-gammalinolenic acid caused noticeably accelerated growth of A. baumannii, while the highly unsaturated PUFAs eicosapentaenoic acid (20 : 5) and docosahexaenoic acid (22 : 6) induced more of a lag in growth at 30 C.
Exogenous PUFAs support A. baumannii growth as the sole carbon source When supplemented into minimal media as the sole carbon source, all fatty acids tested supported the growth of A. baumannii (Fig. 1c) . As observed in the growth curves, dihomo-gamma-linolenic acid (20 : 3) supported the most growth, while alpha-linolenic acid (18 : 3a) exhibited the slowest capacity for cell division.
PUFA exposure results in altered phospholipid profiles of A. baumannii To test the effect of various PUFAs on A. baumannii phospholipids, bacteria were grown in the presence and absence of micromolar concentrations of each fatty acid. Cultures were grown in minimal medium to exclude any fatty acid contributions of complex media, as are present in Luria and tryptic soy broths. Bacterial phospholipids were extracted and examined by TLC. The major phospholipids produced by A. baumannii Table 1 . Acinetobacter species possess an expanded repertoire of genes involved in fatty acid uptake
Acinetobacter baumannii was bioinformatically assessed (see the Methods section) for homologues to long-chain fatty acid transporter (FadL), longchain fatty acyl-CoA synthetase (FadD) and acyltransferases (PlsB/C/X/Y) involved in the acquisition and assimilation of exogenous fatty acids. BLAST hits receiving a Max score greater than 100 are underlined. The prevalence of putative homologues illustrates the enhanced ability of Acinetobacter species to acquire and utilize exogenous fatty acids. include phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin (CL) (Fig. 2) . The chromatogram A. baumannii revealed some migrational shifts upward as carbon number and unsaturation of the exogenously supplied fatty acid increased, indicative of the production of phospholipid species with a higher hydrophobicity compared to the control. The shifts are more evident in PE and in some cases two distinct species of the same phospholipid can be discerned, particularly as carbon length and unsaturation is increased (see PE w/20 : 4 and 20 : 5).
UPLC/ESI-MS analyses indicate assimilation of exogenous PUFAs into A. baumannii phospholipids
The qualitative changes observed by TLC (Fig. 2) were further investigated using ultra-performance liquid chromatography/electrospray ionization mass spectrometry (UPLC/ ESI-MS). Bacterial lipids were extracted following growth with or without individual PUFAs and subjected to chromatographic separation using reversed-phase gradient elution, resulting in good separation between phosphatidylethanolamine (PE) and phosphatidylglycerol (PG), the two major phospholipids (PL) synthesized by A. baumannii. Analyses of 300 p.p.m. (total lipid extract) samples yielded chromatograms reflecting structural changes to the phospholipid profile, dependent upon the specific fatty acid supplemented. Total ion chromatograms (TIC) and extracted ion chromatograms (XIC) from the control (no fatty acid in growth media) and select fatty acid exposed cultures are shown in Fig. 3 . Only two fatty acid exposed samples are shown in Fig. 3 for the sake of clarity, but a more extensive comparison showing all other fatty acid exposed samples can be found in the Supplementary Material. The appearance of new chromatographic peaks in all fatty acid exposed samples clearly indicates that the phospholipid profiles have been altered compared to the control (Figs 3 and S1, available in the online Supplementary Material). All fatty acids tested resulted in altered phospholipid profiles and these alterations depend on the specific fatty acid that was supplemented.
Like the TLC results, the LC/MS results show abundant PE and PG species. Mass spectrometry confirmed that these phospholipids are composed of fatty acyl chains derived from the exogenously supplied fatty acid. Mass filtering for specific parent ions resulted in XICs showing baseline resolution of closely related phospholipids (Fig. 3b) . Such resolution allows confident assignment of specific PLs to specific parent ion m/z values. Analysis of the [M-H] -ions showed that the new peaks correspond to phospholipid species comprising at least one acyl chain matching the supplied fatty acid. This is shown most clearly in the extracted ion chromatograms in Fig. 3b (the mass spectra for each of these peaks can be found in Fig. S2 ). Fig. 3b) . Although not all of the data are shown, all of the fatty acids tested resulted in similar phospholipid tail alterations, corresponding to phospholipid species comprising at least one acyl chain matching the supplied fatty acid. These results indicate that both PG and PE phospholipids show incorporation of every exogenously supplied fatty acid tested.
Exogenous PUFAs affect hydrophobic compound uptake in A. baumannii Having observed modifications to bacterial membrane phospholipid structures following fatty acid exposure, we assessed the resultant membrane permeability under the same conditions. By measuring the bacterial uptake of the hydrophobic compound crystal violet, it was evident that the fatty acids variably, yet significantly, altered permeability in A. baumannii (Fig. 4 ). Every fatty acid tested elicited lower crystal violet uptake in A. baumannii, with a general trend of the more hydrophobic fatty acids causing the greatest effects on permeability. Clearly, exposure to fatty acids impacts on permeability in A. baumannii.
Exogenous PUFAs affect hydrophobic compound uptake in A. baumannii
Having observed modifications to bacterial membrane phospholipid structures following fatty acid exposure, we assessed the resultant membrane permeability under the same conditions. By measuring the bacterial uptake of the hydrophobic compound crystal violet, it was evident that the fatty acids variably, yet significantly, altered permeability in A. baumannii (Fig. 4 ). Every fatty acid tested elicited lower crystal violet uptake in A. baumannii, with a general trend of the more hydrophobic fatty acids causing the greatest effects on permeability. Clearly, exposure to fatty acids impacts on permeability in A. baumannii.
Exogenous PUFAs alter antimicrobial peptide resistance in A. baumannii It was hypothesized that the assimilation of exogenous fatty acids would affect the bacterial response to some antimicrobials, particularly antimicrobial peptides that rely on membrane insertion to exert their effect. We investigated the impact of fatty acids on polymyxin B, colistin and imipenem resistance using microtitre plate broth dilution MIC assays (Fig. 5) . A. baumannii exhibited increased susceptibility to polymyxin B and colistin following growth with fatty acids (Fig. 5a, b) . The MIC of both antimicrobial peptides was most affected when arachidonic acid was available during the assay, resulting in a fourfold decrease for polymyxin B and a six-eightfold decrease for colistin. Docosahexaenoic acid (22 : 6) was the only fatty acid that did not affect MIC against colistin.
PUFAs impact on biofilm formation in A. baumannii
The ability to form biofilms is an important phenotype for bacterial survival, persistence and virulence. To test the effect of fatty acids on biofilm formation, A. baumannii was grown in the presence of fatty acid for 24 h and biofilms were measured using a crystal violet assay. The assay was performed in two minimal media, G56 and M9. Under both conditions, most fatty acids elicited a modest, yet statistically significant, increase in biofilm formation (Fig. 6) . The difference between biofilm formation in G56 and M9 was determined to be the supplementation of casamino acids in G56, allowing superior growth conditions and accounting for the higher overall biofilm measurements.
PUFAs decrease surface motility in A. baumannii A twitching motility assay using PUFAs as additives in the agar revealed an across-the-board decrease in surface coverage when fatty acids were supplemented. Significant (45-55 %) decreases were observed regardless of the PUFA tested (Fig. 7) . Visual assessment of the motility indicated that bulk migration occurred in each assay; however, the migration of less dense bacteria only occurred in the control lacking fatty acids (Fig. S3) .
DISCUSSION
To address our hypothesis that exogenous fatty acids can be utilized by A. baumannii, we determined how the membrane of A. baumannii is modified structurally and how these alterations may benefit the bacteria's survival and resistance to stress. We analysed phospholipid species to see if the bacteria were in fact incorporating fatty acids in their membranes. UPLC/ESI-MS confirmed that new Fig. 3 . Ultra-performance liquid chromatography/mass spectrometry of isolated phospholipids from Acinetobacter baumannii grown in the presence and absence of fatty acids. A. baumannii was grown with or without 300 µM of a given fatty acid at 30 C in G56 (pH 7.4) to the logarithmic phase. Lipids were extracted using the Bligh and Dyer method, but included an extra wash step to increase the purity of the isolated lipids. The lipid extract was injected (5 µl) into a Waters UPLC for gradient elution using a reversed-phase C-8 column.
[M-H]
-ions were detected by quadrupole mass spectrometry following electrospray ionization. (a) Total ion chromatograms (m/z 650-850) comparing the control to cultures exposed to either 18 : 3a or 22 : 6 fatty acid. Changes in the chromatograms compared to the control suggest modifications of the phospholipid profile that depend on the supplied fatty acid. (b) Extracted ion chromatograms (XIC) showing new peaks in the exposed samples that are absent in the control. The labelled peaks are predicted using the Lipid Maps database (www.lipidmaps.org/) and are based on the m/z of the parent ion. From left to right, the XICs correspond to the following m/ z values: 743.5, 769.5, 793.5, 712.5, 738.5, 762.5 and 788.5. The control was mass filtered for all of these same ions, but only noise was present. As a result, only the XIC at 793.5 is used to represent the control. phospholipid species were produced, depending on the fatty acid supplied. The exposure to fatty acids also affected growth, membrane permeability, biofilm formation, surface motility and antimicrobial peptide resistance.
The capacity for phospholipid remodelling with exogenous fatty acids opens up inquiry into the metabolic and pathogenic potential for A. baumannii. Seminal studies with E. coli defined the membrane machinery involved in the uptake and utilization of fatty acids [19, 20] , a strategy presumed to be linked exclusively to carbon acquisition and degradation through b-oxidation. During the past decade, however, the contributions of fatty acids to other aspects of Gram-negative bacterial survival have emerged. No longer merely a carbon source, fatty acids are implicated in affecting cellular processes such as growth, motility, biofilm formation and virulence [9] [10] [11] [21] [22] [23] . Furthermore, the ability to shunt exogenous fatty acids into phospholipid synthesis has received growing attention [24, 25] . Studies with Vibrio cholerae have identified altered fatty acid and phospholipid composition, depending on environmental niche [5, 6] , while Pseudomonas aeruginosa possesses mechanisms for fatty acid sensing as well as multiple acyl CoA synthetases [26, 27] . Our TLC coupled with UPLC/ ESI-MS added A. baumannii to the list of Gram-negatives with the ability to assimilate exogenous fatty acids into their phospholipids.
A bioinformatics survey of sequenced Acinetobacter species revealed interesting results. To search for putative homologues, two databases were consulted (the Basic Local Alignment Search Tool at NCBI (https://blast.ncbi.nlm.nih.gov/ Blast.cgi) and the Integrated Microbial Genomes (https:// img.jgi.doe.gov/cgi-bin/m/main.cgi) using Escherichia coli MG1655 FadL, FadD, PlsB, PlsC, PlsX and PlsY as query sequences and gene product names. The BLAST algorithm yielded very few strong homologues (underlined in Table 1 ) to the machinery involved in exogenous fatty acid uptake and incorporation into membrane phospholipids; however, the IMG database revealed numerous fatty acid transporters, acyl-CoA ligases and acyltransferases in the selected Acinetobacter genomes. It is hypothesized that molecular recognition of variable fatty acid structures requires additional homologues of FadL, FadD and acyltransferases. Bioinformatic analyses uncovered several Acinetobacter genomes containing a plethora of homologues involved in fatty acid uptake and assimilation. Perhaps the conservation of fatty acid-handling machinery underscores the importance of fatty acid scavenging in the environmental reservoirs of Acinetobacter species.
The exogenous fatty acids used in this study were cis isomers. Direct incorporation of the cis conformation would be expected to perturb membrane dynamics, thus causing an increase in membrane permeability. However, we observed Fig. 4 . The effect of exogenous fatty acids on hydrophobic compound uptake in Acinetobacter baumannii. Bacteria were grown at 37 C in G56 (pH 7.4) with and without 300 µM of the indicated fatty acids to the mid-log phase (OD=0.8). The cultures were gently pelleted, washed with PBS and resuspended in an equal volume of PBS (OD 600 =0.6). The amount of CV in the supernatant following centrifugation was measured at regular intervals and expressed graphically as a percentage of CV uptake. The results represent the means of three independent determinations of CV uptake. All standard deviations were less than 5 % (not graphed for visual clarity) and asterisks indicate significant difference (*P<0.002) compared to control. C in G56 (pH 7.4) with and without 300 µM of the indicated fatty acids to the mid-log phase (OD=0.8). The cultures were pelleted, washed with G56 and resuspended in G56 to an OD 600 of 0.1. Fatty acids were added to a final concentration of 300 µM. The bacterial suspension was distributed into microtitre plates and twofold concentrations of (a) polymyxin B, (b) colistin or (c) imipenem decreased permeability with all fatty acids. Interestingly, several A. baumannii genomes encode multiple genes predicted to have fatty acid desaturase activity, homologues to the cyclopropane fatty acid phospholipid synthase (CFA synthase) and delta-9-acyl-lipid desaturase [28] , enzymes that could be responsible for altering stereochemical conformation of the fatty acids post-incorporation, and thus alleviating membrane fatty acid disorder and lowering permeability.
The impact of fatty acids on the MICs of polymyxin B and colistin is noteworthy. The results demonstrate that the availability of particular PUFAs lowers the MIC for cationic antimicrobial peptides significantly, with the 20-carbon arachidonic and eicosapentaenoic fatty acids exerting the greatest effect. While the importance of lipid A to AMP resistance is well documented [29] [30] [31] , there are some reports of other membrane adaptations related to drug resistance in A. baumannii. Specifically, triclosan-resistant strains of A. baumannii were shown to decrease the overall carbon length of membrane fatty acids [32] . Since triclosan inhibits de novo fatty acid synthesis [33] , the uptake and incorporation of exogenous PUFAs would theoretically bypass the resistance mechanisms and render the bacteria more susceptible, as observed in this study. The MICs observed in the current study are higher than those in previously published studies [34] . This could be the result of performing the assay in minimal media, since chemically defined media have been linked to higher MIC values [35, 36] . PUFAs did not alter sensitivity to the B-lactam antibiotic imipenem, suggesting that the mechanism of action is important for fatty acid-mediated antibiotic resistance. Destabilization of the membrane following the incorporation of exogenous fatty acids may allow better penetration were added. After 20 h incubation at 37 C, the optical density (600 nm) was read using a Biotek Synergy microplate reader. Experiments were conducted in triplicate, with each value representing the mean and standard deviation. Symbols circled by dotted lines indicate significant differences (P<0.002) compared to the control (no fatty acid) at the particular antimicrobial concentration. Fig. 6 . Incubation with exogenous fatty acids alters biofilm formation in Acinetobacter baumannii. Overnight cultures were pelleted, washed, resuspended in appropriate media and inoculated onto microtitre plates (starting OD~0.1) in octuplet. Each culture was grown in the presence of 300 µM of the indicated fatty acids. After 24 h incubation, the biofilm assay by O'Toole was performed in G56 and M9 minimal media. The absorbance (OD 590 ) was measured using a Biotek Synergy microplate reader. Values represents the mean (±SD) of two independent experiments performed in octuplet. Significant differences in biofilm formation were observed as determined by Student's t-test and are indicated by asterisks (*P<0.002). Fig. 7 . The effect of exogenous polyunsaturated fatty acids on the surface motility of Acinetobacter baumannii. A. baumannii ATCC 17978 was inoculated onto the surface of motility plates containing 300 µM of individual fatty acids and incubated for 10 h at 37 C. Two independent experiments were performed in octuplet and P-values (*P<0.002) were determined using Student's t-test (two-tailed, paired).
of the antimicrobial peptides, whereas B-lactamase activity is unaffected by the altered membrane constitution. However, the absence of a correlation between permeability and antibiotic susceptibility is confounding. This could be explained by the differential passage of crystal violet through the outer and inner membranes, thus exaggerating the perceived effect on permeability.
A general increase in biofilm formation may foreshadow a potential role for environmentally encountered fatty acids. The ability to form biofilms has been shown to differentiate clinical versus environmental A. baumannii isolates [37] . In addition, biofilm formation was correlated with decreased inflammatory response from macrophages and airway epithelial cells [38] . It is tempting to speculate whether fatty acid scavenging during human infection influences host immunity, presumably through affecting arachidonic acid, and thus prostaglandin, activity [39] .
A survey of surface motility in response to exogenous fatty acids yielded intriguing results. A unanimous and significant decrease in twitching motility was observed for every fatty acid tested. The absence of the radiating migration front for all fatty acid-containing colonies is a phenotype that has been noted in other studies. Clemmer et al. observed this characteristic when they compared strain ATCC17978 to other clinical strains [40] . Several clinical isolates exhibited the same phenotype, described as little to no motility. However, another study identified hypermotile variants that corresponded to an increased surface hydrophobicity index [41] . Regardless of post-incorporation modification, assimilation of PUFAs would be expected to raise surface hydrophobicity. Thus, the observed decrease in surface motility in the presence of PUFAs cannot currently be rationalized. We speculate that recognition of PUFAs plays a role in down-regulating motility in A. baumannii.
Taken together, our findings recognize A. baumannii as being capable of assimilating exogenous fatty acids into its membrane phospholipids, an ability that affects several phenotypes that are important for survival and virulence. Subsequent experiments may uncover potential for the use of PUFAs as adjuvants in the control and treatment of A. baumannii infections.
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